INTRODUCTION
Aluminum-Lithium (AI-Li) alloys have been developed as an alternative to conventional aluminum alloys for use in aerospace and other applications where lowweight, high strength materials are required. The use of Al-Li alloys in military and civil air transport continues to increase [1] . The key benefits of AI-Li alloys, when compared to conventional aluminum alloys, are the lower density and higher elastic modulus. Thus, AI-Li alloys offer enhanced mechanical properties while decreasing overall weight. This is crucial for high performance aircraft, where the higher strength-to-weight ratio can give considerable velocity and maneuverability advantages. It is also of significant benefit for transport aircraft and spacecraft, where reduced weight will increase the range and lift capability, especially if operating at supersonic velocities with large loads. The improved efficiency increases the feasibility of developing a supersonic civil transport that can successfully operate within the economic restrictions of the commercial marketplace.
In order to obtain beneficial mechanical properties, Al-Li alloys need to be processed to precise specifications. This includes specific heat treatment procedures to generate the desired microstructural configuration of the aluminum and lithium. After a full homogenization, aging of the alloy is performed at elevated temperatures to provide the driving force required for diffusion of the constituent alloying elements. The aging process involves the precipitation of the metastable, spherical and coherent Ii' (AI3Li) intermetallic phase, which functions as the chief strengthening phase ofthe AI-Li alloy [2, 3] . The small size of the lithium atom requires that the aging process is carefully controlled. A slight deviation from the aging procedure can provide sufficient thennal energy for the lithium atoms to diffuse out of solution and move to the surface of the sample, where their high reactivity with oxygen causes them to react with the atmosphere. This results in a localized region oflithium depletion at the near-surface of the sample and the fonnation of precipitate free zones (PFZ's) [4] . The near-surface depletion ofthe lithium can dramatically alter the mechanical behavior of the Al-Li alloy. The presence ofPFZ's have been found to have a detrimental effect on the mechanical strength, fracture behavior and stress corrosion cracking resistance of the AI-Li alloy [5] . Therefore, for any application involving the use of the alloy as a load bearing structural material, or as an area exposed to frequent wear, the near-surface depletion is of concern.
EXPERIMENTAL APPROACH AND RESULTS
A system is needed that can nondestructively interrogate the near-surface areas of the Al-Li alloy to detect depletion of the lithium. An ideal approach to perfonn this measurement is the use of ultrasonic Rayleigh surface waves. Rayleigh waves consist of shear and longitudinal components [6] . As the ultrasonic wave travels along the surface, the longitudinal component is oriented along the surface while the shear component is oriented perpendicular to the surface, into the sample. As the Rayleigh wave is a combination of the two bulk ultrasonic waves, its velocity is dependent on the elastic properties of the material in which it is propagating. Therefore, changes in the velocity are an indication of variations in the elastic moduli. Thus, the Rayleigh wave methodology can be used to detect the location of the lithium depletion, as lithium depletion has a direct effect on the local elastic properties of the AI-Li alloy. Also, Rayleigh waves have several distinct advantages that make it possible to obtain detailed characterization of the location and extent oflithium depletion in the alloy.
Rayleigh waves are non-dispersive [7] , i.e. the velocity is frequency independent. Therefore, the wavelength of a Rayleigh wave is detennined by its frequency. Since the depth of penetration of the Rayleigh wave is approximately one wavelength [6] , lithium depletion can be mapped as a function of depth into the material by changing the frequency of the Rayleigh wave. This feature is unique to Rayleigh waves, resulting in the ability to obtain a profile of the extent oflithium depletion through the thickness of the AI-Li alloy. This feature has been used to probe the lithium distribution from the surface of the sample into its depth, thus, enabling detection of subsurface distribution of lithium.
The capability of using Rayleigh waves to generate a depth profile of the lithium depletion has been demonstrated by evaluating several samples of2090 Al-Li alloys that were heat treated to a T84 temper. After the solutionizing and aging process, a select number of samples were returned to the solutionizing temperature to generate nearsurface lithium depletion. The presence of the lithium depleted regions was confinned by optical metallography.
The Al-Li alloys were tested using contact generation and detection of Rayleigh waves using custom mode conversion wedges [8] . The frequencies that were used to inspect the samples were 1.0,2.25,3.5,5.0, 7.5, 10, 15, and 30 MHz, which correspond to penetration depths of3.1, 1.35, 0.9, 0.6, 0.4, 0.3, 0.15, and 0.1 mm, respectively. The results, shown in Figure 1 , clearly indicate that the velocity of the Rayleigh wave changes as a function of frequency. This velocity change can be directly attributed to changes in the elastic properties as a function of depth in the samples. As the penetration depth increases, the velocity increase indicates that less lithium depletion occurred at deeper depths in the sample. For the depths that were examined by these frequencies, the change in lithium content caused an 8 percent variation in the Rayleigh wave velocity, which is significantly larger than the experimental scatter of 0.1 percent.
As an alternative to contact measurements, which require new sensors for each frequency, laser generation was used to obtain a broad band Rayleigh wave in the AI-Li alloy. This signal was detected by a broad band 20 MHz shear wave transducer with a built-in delay line, as shown in Figure 2 . The Nd: Y AG laser beam was focused to the smallest possible spot size while not ablating the sample surface. The small spot size maximizes the generation of high frequency components ofthe surface wave. Rayleigh waves are unique in that the spot size of the laser source, at the location where it interacts with the sample surface, detennines the frequency contact ofthe generated surface wave [9] . This experimental approach eliminates the need to select the probes that match the penetration depth of interest. Instead, it is possible to acquire one wavefonn and perfonn digital processing to obtain the Rayleigh wave velocity at different penetration depths.
The experimental configuration in Figure 2 was first used to acquire data on a section of 2024 aluminum alloy, which does not have near-surface property variations. The detected signal appears as a standard piezoelectric detected surface wave, as shown in Figure 3 . The waveform shown in Figure 3 was obtained after the amplitude of the received signal was maximized by optimizing the angle of the transducer with respect to the sample surface. Note that the time scale of the received waveform has been expanded to magnify the received signal.
The wide bandwidth of the sensor is a significant advantage when used for obtaining depth profiles of the lithium depletion in AI-Li alloys. The received Rayleigh wave is shown in Figure 4 . The change in velocity as a function of depth can be clearly seen in this figure. The low frequency components of the surface wave arrive with a time-offlight that indicates a faster wave velocity than the value for the high frequency components of the signal. This is expected as the maximum amount oflithium depletion occurs near the surface of the material. The lack oflithium in this area causes the elastic moduli to decrease, resulting in slower Rayleigh wave velocities and, therefore, increased times-of-flight. Even though the waveform has been dramatically changed in its shape, Fourier analysis shows that the received Rayleigh waves in Figures 3 and 4 have the same frequency content. This indicates that the frequency content of the broad band surface wave is independent of the material in which it propagates.
The benefit of using this configuration for obtaining the depth profile oflithium depletion can be demonstrated by selectively filtering the waveform in Figure 4 with a band pass filter. The waveform was subjected to a filter between 0 and 5 MHz and second filter between 10 and 15 MHz. The two processed waves are shown in Figure 5 . As expected, the signal from the 0 to 5 MHz filter occurs much earlier in time than the signal from the higher frequencies . Also, the amplitude of the higher frequency information is greater than that of the lower frequencies, corresponding to the greater sensitivity of the sensor to the higher frequencies. However, for an automated analysis of
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Time <sec) Figure 3 . The digitized wavefonn received from the 20 MHz broadband shear wave transducer on the 2024 aluminum alloy sample.
Time ( ec) Figure 4 . The digitized wavefonn received from the 20 MHz broadband shear wave transducer on the AI-Li aluminum alloy sample.
these results, the output from the filtering process can be readily used. The key issue for such analysis, which would include an amplitude gate to determine the time-of-flight, is the magnitude of the signal above the noise floor found in the processed signal. For both of the signals, the signal to noise ratio is greater than the value required for modern amplitude detection software, greatly simplifying the development of software that can generate the depth profile of the lithium depletion. The end user can specify the width of the band pass filter to obtain the desired total and incremental depth resolution required for the depth profile. Even if single frequencies are selected, the time-of-flight for that frequency can be determined. This result proves the viability of using a broadband sensor to detect the Rayleigh wave and perform the necessary processing to obtain the depth profile with a single measurement.
SUMMARY AND CONCLUSION
The present work has demonstrated the feasibility of developing a lithium depletion monitoring system based on ultrasonic Rayleigh waves, both during and after the age hardening of the AI-Li alloy. The technique is able to detect the depletion oflithium along the near-surface region of the alloy, giving a clear indication of the amount of lithium that remains alloyed in the material. The chief concern in AI-Li alloys, as outlined above, is the fonnation of the PFZ's. Lithium depletion along the surface is the first indicator of the degradation of the mechanical properties of the alloy. As the Rayleigh wave is a combination of the longitudinal and shear ultrasonic waves, its velocity is dependent on the elastic properties of the material in which it is propagating. As lithium depletion has a direct effect on the local elastic properties of the Al-Li alloy, Rayleigh wave velocity variations can be used to detect the location of this phenomenon. Also, Rayleigh waves are non-dispersive, so their depth of penetration can be controlled by altering the frequency. This enables a depth profile ofthe lithium depletion to be detennined. In addition, Rayleigh waves are bound to the surface of a sample, allowing rough and/or uneven surfaces to be characterized. With these features that are unique to Rayleigh waves, it is possible to obtain an accurate depth profile of the lithium depletion found in AI-Li alloys.
Further development of the methodology will yield additional infonnation concerning the state ofthe lithium depletion in an optimal fashion to minimize the time of perfonning the measurements. The technique will completely characterize the nearsurface lithium depletion in these alloys and will be used to address a wide selection of other near-surface materials processing issues. The infonnation obtained from this interrogation is sufficient to detennine the changes of actual mechanical properties of materials. This provides infonnation necessary to establish the severity of the lithium depletion, the changes in the elastic properties and the appropriate remedy to restore the desired mechanical properties of the alloy.
